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A method for manufacturing a thin-film photoelectric con-
version device includes forming a first electrode layer, a pho-
toelectric conversion layer having three conductive semicon-
ductor layers laminated thereon, and a second electrode layer
sequentially laminated in this order on a translucent insulat-
ing substrate, such that adjacent thin-film photoelectric con-
version cells are electrically connected in series, isolating a
thin-film photoelectric conversion cell into a plurality of thin-
film photoelectric conversion cells by forming isolation
trenches that reach from the second electrode layer to the first
electrode layer, removing a part of sidewalls at an external
periphery of the thin-film photoelectric conversion cells posi-
tioned at an external peripheral edge of the thin-film photo-
electric conversion device, along with the external periphery,
and modifying into insulation layers by performing an oxi-
dation process on all of the sidewalls of the isolation trenches
of the photoelectric conversion layer and all of the sidewalls
at the external periphery.
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1
METHOD FOR MANUFACTURING
THIN-FILM PHOTOELECTRIC
CONVERSION DEVICE

FIELD

The present invention relates to a method for manufactur-
ing a thin-film photoelectric conversion device, and more
particularly relates to a method for manufacturing a thin-film
photoelectric conversion device that has improved photoelec-
tric conversion efficiency by preventing a side leakage on
sidewall surfaces of isolation trenches for isolating cells.

BACKGROUND

A conventional thin-film solar cell module as a thin-film
photoelectric conversion module includes thin-film solar bat-
tery cells each of which has a transparent electrode layer, a
thin-film semiconductor layer as a photoelectric conversion
layer, and a reflection conductive film as a back-surface elec-
trode layer sequentially formed at one surface side of a sub-
strate and generates photovoltaic power in the thin-film semi-
conductor layer by using light incident from the other surface
side of the substrate, for example. A plurality of thin-film
solar battery cells are electrically connected in series in a state
that the thin-film solar battery cells are arranged at a prede-
termined distance between adjacent cells, thereby forming a
thin-film solar cell module. Photoelectric conversion layers
between adjacent thin-film solar battery cells are electrically
isolated.

The thin-film solar cell module described above is manu-
factured in the following method. First, on a translucent insu-
lating substrate on a surface of which a transparent electrode
layer that has a texture structure having an uneven surface
made of transparent conductive oxide (TCO) such as tin oxide
(Sn0,) and zinc oxide (ZnO) is formed, the transparent elec-
trode layer is processed in a stripe shape by disconnecting and
removing by laser irradiation. The texture structure has a
function of scattering sunlight incident to the thin-film solar
cells and of increasing light utilization efficiency in thin-film
semiconductor layers.

Next, a thin-film semiconductor layer for photoelectric
conversion made of a material such as amorphous silicon is
formed on the transparent electrode layer by a plasma CVD
(chemical vapor deposition) method or the like. Thereafter, at
a position different from a position where the transparent
electrode layer is disconnected, the thin-film semiconductor
layer is processed in a stripe shape by disconnecting and
removing by laser irradiation.

Next, a back-surface electrode layer made of a light-reflec-
tive metal is formed on the thin-film semiconductor layer by
a sputtering method or the like. Thereafter, at a position
different from a position where the transparent electrode layer
is disconnected, the back-surface electrode layer is again
disconnected and removed by laser irradiation to process the
back-surface electrode layer in a stripe shape.

According to such a thin-film solar cell module, a current
leakage on a processed surface of a thin-film semiconductor
layer as a photoelectric conversion layer becomes a problem.
That is, the thin-film semiconductor layer is processed by
removing a film by irradiating laser beams as described
above. At this time, when the laser beam strength is low, a
processed film is not completely blown off, and a short-circuit
failure occurs due to a residue of the film between an elec-
trode of a transparent electrode layer of one thin-film solar
cell and an electrode of a back-surface electrode layer of this
thin-film solar cell. On the other hand, when the laser beam
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strength is high, no residue of film is generated, but a sidewall
as a processed surface end of the thin-film semiconductor
layer is molten and crystallized. The crystallized sidewall has
higher electric conductivity than that of the inside of a thin-
film semiconductor, and thus a short-circuit failure occurs
between a transparent electrode layer of a thin-film solar cell
and a back-surface electrode layer of this thin-film solar cell.
As a result, photoelectric conversion efficiency is degraded
and thus power generation efficiency is degraded.

To solve the above problems, for example, there has been
proposed a technique of suppressing a current leakage by
achieving a process that does not generate any residue even
when laser beams having low strength are irradiated, by form-
ing a film that has different crystallinity at only a position
corresponding to a laser-processed portion of a thin-film
semiconductor layer by using a plasma CVD device having
cyclical convexes in an anode electrode (see, for example,
Patent Literature 1).

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-open
No. 2007-234909

SUMMARY
Technical Problem

However, according to the technique described in Patent
Literature 1 mentioned above, crystallization on a processed
end surface cannot be completely prevented even when a
thin-film semiconductor layer is processed by irradiating
laser beams having low strength. Accordingly, there is a prob-
lem that a current leakage occurs.

The present invention has been achieved in view of the
above problem, and an object of the present invention is to
obtain a method for manufacturing a thin-film photoelectric
conversion device that can obtain high photoelectric conver-
sion efficiency by preventing occurrence of a side leakage on
sidewall surfaces of isolation trenches.

Solution to Problem

In order to solve the above-mentioned problems and to
achieve the object, according to an aspect of the present
invention, there is provided a method for manufacturing a
thin-film photoelectric conversion device, the method includ-
ing a first step of forming a first electrode layer, a photoelec-
tric conversion layer having a first conductive semiconductor
layer, a second conductive semiconductor layer, and a third
conductive semiconductor layer sequentially laminated
thereon, and a second electrode layer sequentially laminated
in this order on a translucent insulating substrate, such that
adjacent thin-film photoelectric conversion cells are electri-
cally connected in series, a second step ofisolating a thin-film
photoelectric conversion cell into a plurality of thin-film pho-
toelectric conversion cells by forming isolation trenches that
reach from a surface of the second electrode layer to the first
electrode layer, after the second step, a third step of removing
a part of sidewalls at an external periphery of the thin-film
photoelectric conversion cells positioned at an external
peripheral edge of the thin-film photoelectric conversion
device, along with an external periphery of the thin-film pho-
toelectric conversion device, and a fourth step of moditying
into insulation layers by performing an oxidation process on
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all of the sidewalls of the isolation trenches of the photoelec-
tric conversion layer and all of the sidewalls at the external
periphery after the third step.

Advantageous Effects of Invention

According to the present invention, a high-quality thin-film
photoelectric conversion device having high photoelectric
conversion efficiency can be obtained by preventing a side
leakage current by forming insulation layers on sidewall sur-
faces of isolation trenches.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1-1 is a plan view of a schematic configuration of a
thin-film solar cell module according to a first embodiment of
the present invention.

FIG. 1-2 is an explanatory diagram of a cross-sectional
structure of a thin-film solar battery cell according to the first
embodiment of the present invention in a short direction.

FIG. 2-1 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-2 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-3 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-4 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-5 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-6 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-7 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 2-8 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the first embodiment of the present
invention.

FIG. 3 is an explanatory diagram of a cross-sectional struc-
ture of a thin-film solar battery cell according to a second
embodiment of the present invention in a short direction.

FIG. 4-1 is a cross-sectional view for explaining an
example of a manufacturing process of a thin-film solar cell
module according to the second embodiment of the present
invention.

FIG. 4-2 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the second embodiment of the present
invention.

FIG. 5 is a schematic diagram for explaining a method for
irradiating oxygen ion beams on the thin-film solar cell mod-
ule in a method for forming oxide layers according to the
second embodiment.
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FIG. 6 is an explanatory diagram of a cross-sectional struc-
ture of a thin-film solar battery cell according to a third
embodiment of the present invention in a short direction.

FIG. 7-1 is a cross-sectional view for explaining an
example of a manufacturing process of a thin-film solar cell
module according to the third embodiment of the present
invention.

FIG. 7-2 is a cross-sectional view for explaining an
example of a manufacturing process of the thin-film solar cell
module according to the third embodiment of the present
invention.

DESCRIPTION OF EMBODIMENTS

Exemplary embodiments of a method for manufacturing a
thin-film photoelectric conversion device according to the
present invention will be explained below in detail with ref-
erence to the accompanying drawings. The present invention
is not limited to the following descriptions and various modi-
fications can be appropriately made without departing from
the scope of the invention. In the drawings explained below,
scales of respective members may be shown differently from
those in practice to facilitate understanding, and the same
applies to the relationships between the drawings.

First Embodiment

FIG. 1-1 is a plan view of a schematic configuration of a
thin-film solar cell module (hereinafter, “module”) 10 as a
thin-film photoelectric conversion device according to a first
embodiment of the present invention. FIG. 1-2 is an explana-
tory diagram of a cross-sectional structure of thin-film solar
battery cells (hereinafter, also “cells”) 1 as thin-film photo-
electric conversion cells that constitute the module 10 in a
short direction. FIG. 1-2 is a cross-sectional view of relevant
parts along a line A-A' in FIG. 1-1.

As shown in FIGS. 1-1 and 1-2, the module 10 according to
the first embodiment includes a plurality of reed-shaped (rect-
angular) cells 1 formed on a translucent insulating substrate 2,
and has a structure that these cells 1 are electrically connected
in series. As shown in FIG. 1-2, each of the cells 1 has a
structure that has sequentially laminated the translucent insu-
lating substrate 2, a transparent electrode layer 3 that becomes
a first electrode layer and is formed on the translucent insu-
lating substrate 2, a photoelectric conversion layer 4 as a
thin-film semiconductor layer formed on the transparent elec-
trode layer 3, and a back-surface electrode layer 5 that
becomes a second electrode layer and is formed on the pho-
toelectric conversion layer 4. As shown in FIG. 1-2, an under-
coating layer 6 of silicon oxide (hereinafter, simply “SiO,”)is
provided when necessary as an impurity inhibition layer on
the translucent insulating substrate 2.

The transparent electrode layers 3 formed on the translu-
cent insulating substrate 2 are formed with stripe first
trenches D1 that are extended in a direction substantially
parallel to a short direction of the translucent insulating sub-
strate 2 and reach the translucent insulating substrate 2. The
photoelectric conversion layers 4 are embedded into portions
of the first trenches D1. Accordingly, the transparent elec-
trode layers 3 are formed in isolation between cells such that
the transparent electrode layers 3 stride over adjacent cells 1.

Further, the photoelectric conversion layers 4 formed on
the transparent electrode layers 3 are formed with stripe sec-
ond trenches (connection trenches) D2 that are extended in a
direction substantially parallel to the short direction of the
translucent insulating substrate 2 and reach the transparent
electrode layers 3, at positions different from positions of the
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first trenches D1. The back-surface electrode layers 5 are
embedded into portions of the second trenches (connection
trenches) D2. As a result, the back-surface electrode layers 5
are connected to the transparent electrode layers 3. Because
the transparent electrode layers 3 stride over adjacent cells 1,
the back-surface electrode layer 5 of one of adjacent two cells
is electrically connected to the other transparent electrode
layer 3.

Furthermore, on the back-surface electrode layers 5 and the
photoelectric conversion layers 4, stripe third trenches D3
that reach the transparent electrode layers 3 are formed at
positions different from the positions of the first trenches D1
and the second trenches (connection trenches) D2, thereby
isolating the cells 1. In this manner, the transparent electrode
layers 3 of the cells 1 are connected to the back-surface
electrode layers 5 of the adjacent cells 1, thereby electrically
connecting the adjacent cells 1 in series.

The transparent electrode layers 3 are configured by trans-
Iucent films such as transparent conductive oxide films that
contain zinc oxide (ZnO), indium tin oxide (ITO), tin oxide
(SnO,) and the like, or by films that are obtained by adding
aluminum (Al) to these transparent conductive oxide films.
The transparent electrode layers 3 can be a ZnO film, an [TO
film, and an SnO, film that use as dopant at least one kind of
element selected from aluminum (Al), gallium (Ga), indium
(In), boron (B), yttrium (Y), silicon (Si), zirconium (Zr), and
titanium (Ti), or can be transparent conductive films formed
by laminating these films. Any transparent conductive films
having light permeability can be the transparent electrode
layers 3. The transparent electrode layers 3 have a surface
texture structure such that irregularities 3a are formed on
surfaces of these layers. The texture structure has a function
of scattering incident sunlight and increasing light utilization
efficiency in the photoelectric conversion layers 4.

Each of the photoelectric conversion layers 4 has a PN
junction or a PIN junction, and is configured by laminating
one or more thin-film semiconductor layers that generate
electric power by incident light. In the present embodiment,
the photoelectric conversion layer 4 is configured by a lami-
nated film formed by laminating from a transparent electrode
layer 3 side, a p-type hydrogenated microcrystalline silicon
(uc-Si:H) layer as a first conductive semiconductor layer, an
i-type hydrogenated microcrystalline silicon (uc-Si:H) layer
as a second conductive semiconductor layer, and an n-type
hydrogenated microcrystalline silicon (uc-Si:H) layer as a
third conductive semiconductor layer. As for other types of
the photoelectric conversion layer 4, for example, there can be
a type configured by a laminated film formed by laminating
from a transparent electrode layer 3 side, a p-type hydroge-
nated amorphous silicon carbide (a-SiC:H) layer as a first
conductive semiconductor layer, an i-type hydrogenated
amorphous silicon (a-Si:H) layer as a second conductive
semiconductor layer, and an n-type hydrogenated microcrys-
talline silicon (uc-Si:H) layer as a third conductive semicon-
ductor layer.

The photoelectric conversion layer 4 can be also config-
ured by a two-stage PIN junction that includes a p-type hydro-
genated amorphous silicon carbide (a-SiC:H) layer as a first
conductive semiconductor layer, an i-type hydrogenated
amorphous silicon (a-Si:H) layer as a second conductive
semiconductor layer, an n-type hydrogenated microcrystal-
line silicon (pc-Si:H) layer as a third conductive semiconduc-
tor layer, a p-type hydrogenated microcrystalline silicon (pic-
Si:H) layer as a first conductive semiconductor layer, an
i-type hydrogenated microcrystalline silicon (uc-Si:H) layer
as a second conductive semiconductor layer, and an n-type
hydrogenated microcrystalline silicon (uc-Si:H) layer as a

20

25

30

35

40

45

50

55

60

65

6

third conductive semiconductor layer. In the case of a tandem
structure, the photoelectric conversion layer 4 can be config-
ured in a tandem structure that has laminated thereon two or
more layers of a unit photoelectric conversion layer, which
has a first conductive semiconductor layer, a second conduc-
tive semiconductor layer, and a third conductive semiconduc-
tor layer laminated thereon. When the photoelectric conver-
sion layer 4 is configured by laminating a plurality of thin-
film semiconductor layers like the two-stage PIN junction
described above, an electrical and optical connection between
PIN junctions can be improved by inserting intermediate
layers of microcrystalline silicon monoxide (uc-SiO) and
aluminum-added zinc oxide (ZnO:Al) or the like between
respective PIN junctions.

Each of the back-surface electrode layers 5 is patterned in
a shape and at a position different from those of the photo-
electric conversion layer 4. As shown in FIG. 1-2, each of the
back-surface electrode layers 5 is configured by a transpar-
ent-conductive metal-compound layer 5a and a metal layer
5b. For example, tin oxide (SnQO,), zinc oxide (ZnO), and
ITO, or a combination of these metals for the transparent-
conductive metal-compound layer 5a can be used. Silver (Ag)
or aluminum (Al) can be used for the metal layer 55.

Further, oxide layers 7 having high insulation properties
are formed as insulating regions on sidewall surfaces of the
photoelectric conversion layers 4. The oxide layers 7 have an
electric resistance value that is larger than an electric resis-
tance value of the i-type hydrogenated microcrystalline sili-
con (pe-Si:H) layer as a second conductive semiconductor
layer. When the photoelectric conversion layers 4 have a
tandem structure, the oxide layers 7 have an electric resis-
tance value that is larger than a maximum electric resistance
value among electric resistance values of i-type amorphous
semiconductor layers as second conductive semiconductor
layers included in the photoelectric conversion layers 4.

When the oxide layers 7 are formed with intermediate
layers as low-resistance layers made of transparent conduc-
tive films between PIN junctions of stages by laser process-
ing, sidewall surfaces of the intermediate layers are also oxi-
dized to become oxide layers having a high resistance.

When low-resistance layers are formed on sidewall sur-
faces of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4 and also when the low-
resistance layers are in contact with the back-surface elec-
trode layers 5, a current leakage (side leakage) from the
transparent electrode layer 3 of a thin-film solar cell to the
back-surface electrode layer 5 of this thin-film solar cell
occurs, and this becomes a cause of degradation of photoelec-
tric conversion efficiency. However, according to this module
10, the oxide layers 7 having high insulation properties are
formed on the sidewall surfaces of the photoelectric conver-
sion layers 4. Therefore, when intermediate layers as low-
resistance layers made of transparent conductive films are
formed between PIN junctions of a side leakage current, the
sidewall surfaces of the intermediate layers are also oxidized
to become oxide layers having a high resistance.

When low-resistance layers are formed on sidewall sur-
faces of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4 and also when the low-
resistance layers are in contact with the back-surface elec-
trode layers 5, a current leakage (side leakage) from the
transparent electrode layer 3 of a thin-film solar cell to the
back-surface electrode layers 5 of this thin-film solar cell
occurs, and this becomes a cause of degradation of photoelec-
tric conversion efficiency. However, according to this module
10, the oxide layers 7 having high insulation properties are
formed on the sidewall surfaces of the photoelectric conver-
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sion layers 4. Accordingly, no sidewall leakage current flows,
and thus degradation of photoelectric conversion efficiency
can be prevented.

An outline of operation of the module 10 according to the
firstembodiment is explained. When sunlight is incident from
aback surface (a surface on which the cells 1 are not formed)
of the translucent insulating substrate 2, free carriers are
generated on the photoelectric conversion layers 4, and a
current is generated. The current generated in the cells 1 flows
into adjacent cells 1 via the transparent electrode layers 3 and
the back-surface electrode layers 5, and generates a power-
generation current of the whole of the module 10.

According to the module 10 of the first embodiment con-
figured as described above, because the module 10 includes
the oxide layers 7 on the sidewall surfaces of the third
trenches (isolation trenches) D3 of the photoelectric conver-
sion layers 4, a current leakage (side leakage) from the trans-
parent electrode layer 3 of one cell 1 to the back-surface
electrode layer 5 of this cell 1 can be prevented, and no side
leakage current flows from the transparent electrode layer 3 of
one cell 1 to the back-surface electrode layer 5 of this cell 1.
Therefore, according to the module 10 of the first embodi-
ment, degradation of photoelectric conversion efficiency
attributable to a side leakage on the sidewall surfaces of the
third trenches (isolation trenches) D3 can be prevented, and a
high-quality thin-film solar cell that can obtain high photo-
electric conversion efficiency is achieved.

A method for manufacturing the module 10 according to
the first embodiment configured as described above is
explained next. FIGS. 2-1to 2-8 are cross-sectional views for
explaining an example of a manufacturing process of the
module 10 according to the first embodiment, and these cross-
sectional views correspond to FIG. 1-2.

First, the translucent insulating substrate 2 is prepared. In
this example, flat white plate glass is used for the translucent
insulating substrate 2. An SiO, film is formed for the under-
coating layer 6 at one surface side of the translucent insulating
substrate 2 by a sputtering method or the like. Next, a ZnO
film is formed for a transparent conductive film 11 that
becomes the transparent electrode layer 3 on the undercoating
layer 6 by the sputtering method (FIG. 2-1). For materials that
constitute the transparent conductive film 11, in addition to
the ZnO film, there can be used transparent conductive oxide
films of TIO, SnO, and the like, and films obtained by adding
metals of Al and the like to these transparent conductive oxide
films to improve electric conductivity. Other film forming
methods such as a CVD method can be also used for the film
forming method.

Thereafter, a surface of the transparent conductive film 11
is roughened by etching using dilute hydrochloric acid,
thereby forming a small irregularity 3a on the surface of the
transparent conductive film 11 (FIG. 2-2). However, when the
transparent conductive film 11 of SnO,, ZnO or the like is
formed by a CVD method, an irregularity is formed on the
surface of the transparent conductive film 11 by self-organi-
zation. Therefore, in this case, an irregularity does not need to
be formed by etching using dilute hydrochloric acid.

Next, the transparent electrode layer 3 is patterned in a reed
shape by disconnecting and removing a part of the transparent
electrode layer 3 in a stripe shape in a direction substantially
parallel to the short direction of the translucent insulating
substrate 2, thereby isolating the transparent electrode layer 3
into a plurality of transparent electrode layers 3 (FIG. 2-3).
The transparent electrode layers 3 are patterned by forming
the first trenches D1 in a stripe shape that are extended in a
direction substantially parallel to the short direction of the
translucent insulating substrate 2 and reach the translucent
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insulating substrate 2, by a laser scribing method. To obtain
the transparent electrode layers 3 isolated from each other
within a substrate surface on the translucent insulating sub-
strate 2 in this manner, it is also possible to employ a method
for etching by using a resist mask formed by photoengraving
or the like or a method such as a deposition method that uses
a metal mask.

Next, the photoelectric conversion layer 4 is formed by a
CVD method on the transparent electrode layers 3 that
include the first trenches D1. In the present embodiment, a
p-type hydrogenated microcrystalline silicon (uc-Si:H) layer,
an i-type hydrogenated microcrystalline silicon (uc-Si:H)
layer, and an n-type hydrogenated microcrystalline silicon
(uc-Si:H) layer are formed for the photoelectric conversion
layer 4 by sequentially laminating these layers from transpar-
ent electrode layers 3 sides (FIG. 2-4).

Next, the photoelectric conversion layer 4 formed by lami-
nation in this manner is patterned by laser scribing in a similar
manner to that applied to the transparent electrode layer 3
(FIG. 2-5). That is, the photoelectric conversion layer 4 is
patterned in a reed shape by disconnecting and removing a
part of the photoelectric conversion layer 4 in a stripe shape in
a direction substantially parallel to the short direction of the
translucent insulating substrate 2, thereby isolating the pho-
toelectric conversion layers 4 into a plurality of photoelectric
conversion layers 4. The patterning of the photoelectric con-
version layer 4 is performed by a laser scribing method by
forming the second trenches (connection trenches) D2 in a
stripe shape that are extended in a direction substantially
parallel to the short direction of the translucent insulating
substrate 2 and reach the transparent electrode layers 3 at
positions different from those of the first trenches D1. After
the second trenches (connection trenches) D2 are formed,
scattered objects adhered on the inside of the second trenches
(connection trenches) D2 are removed by high-pressure water
cleaning, megasonic cleaning, or brush cleaning.

Next, as for the back-surface electrode layers 5 on the
photoelectric conversion layers 4 and in the second trenches
(connection trenches) D2, the transparent-conductive metal-
compound layers Sa made of tin oxide (SnO,) are formed by
vacuum deposition on the photoelectric conversion layers 4
(FIG. 2-6). Other film forming methods such as a CVD
method can be used for the method for forming the transpar-
ent-conductive metal-compound layers 5a.

Next, as for the back-surface electrode layer 5, for
example, a silver (Ag) film is formed as the metal layer 55 on
the transparent-conductive metal-compound layers 5a by the
sputtering method (FIG. 2-6). In this case, the metal layer 56
is formed in a condition that the metal layer 55 fills the second
trenches D2. Other film forming methods such as a CVD
method can be used for the method for forming the metal
layer 55.

After the transparent-conductive metal-compound layers
5a are formed, the back-surface electrode layer 5 and the
photoelectric conversion layers 4 are patterned in a reed shape
by disconnecting and removing a part of the back-surface
electrode layer 5 and the photoelectric conversion layers 4 in
a stripe shape in a direction substantially parallel to the short
direction of the translucent insulating substrate 2, thereby
isolating the back-surface electrode layer 5 and the photo-
electric conversion layers 4 corresponding to plural cells 1
(FIG. 2-7). The patterning is performed by a laser scribing
method by forming the third trenches (isolation trenches) D3
in a stripe shape that are extended in a direction substantially
parallel to the short direction of the translucent insulating
substrate 2 and reach the transparent electrode layers 3 at
positions different from those of the first trenches D1 and the
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second trenches (connection trenches) D2. Because it is dif-
ficult to cause the back-surface electrode layer 5 having a high
reflectance to directly absorb laser beams, the photoelectric
conversion layers 4 are caused to absorb laser beam energy,
and the back-surface electrode layer 5 and the photoelectric
conversion layers 4 are locally blown off such that the back-
surface electrode layer 5 and the photoelectric conversion
layers 4 are isolated to correspond to the plural cells 1.

At the time of forming the third trenches (isolation
trenches) D3 by laser processing, a residue due to the process
of the photoelectric conversion layers 4 and silicon films of
the photoelectric conversion layers 4 that are molten and
crystallized to have a low resistance by laser beams are
adhered on sidewall surfaces of the photoelectric conversion
layers 4 in the third trenches (isolation trenches) D3, thereby
forming low-resistance layers on the sidewall surfaces of the
photoelectric conversion layers 4. More specifically, a residue
of p-type hydrogenated microcrystalline silicon (uc-Si:H)
layers as low-resistance layers, and i-type hydrogenated
amorphous silicon (a-Si:H) layers that are molten and crys-
tallized to have a low resistance by laser beams are adhered on
the sidewall surfaces of the photoelectric conversion layers 4,
thereby forming low-resistance layers on the sidewall sur-
faces of the photoelectric conversion layers 4.

When the low-resistance layer is in contact with the back-
surface electrode layer 5, a current leakage (side leakage)
from the transparent electrode layer 3 of one cell 1 to the
back-surface electrode layer 5 of this transparent electrode
layer 3 occurs, and this becomes a cause of degradation of
photoelectric conversion efficiency. Therefore, when the low-
resistance layers formed on the sidewall surfaces of the pho-
toelectric conversion layers 4 are oxidized to have a high
resistance after the third trenches (isolation trenches) D3 are
formed, no side leakage current flows, and degradation of
photoelectric conversion efficiency can be prevented.

According to the present embodiment, an oxidation pro-
cess (a process of setting a high-resistance state) for oxidizing
sidewalls of the photoelectric conversion layers 4 is per-
formed after the third trenches (isolation trenches) D3 are
formed by laser processing. The oxidation process (the pro-
cess of setting a high-resistance state) is performed to form
the oxide layers 7 by supplying oxygen plasma to the side-
walls of the photoelectric conversion layers 4 and by oxidiz-
ing the sidewalls of the photoelectric conversion layers 4 by a
plasma process (FIG. 2-8). For example, the oxide layers 7 are
formed by oxidizing the sidewalls of the photoelectric con-
version layers 4 by exposing the whole of the module 10 to
oxygen plasma. In this case, sidewalls substantially parallel to
alongitudinal direction of the translucent insulating substrate
2 (sidewalls in a direction of a line B-B' in FIG. 1-1) are also
oxidized among the sidewalls of the photoelectric conversion
layers 4, thereby forming the oxide layers 7. The oxide layers
7 preferably have a film thickness of at least 10 nanometers or
more to maintain sufficient insulation properties. According
to the present embodiment, oxygen plasma that has high
reactivity is used. Therefore, thick oxide layers can be easily
formed. Instead of oxygen plasma, nitrogen plasma can be
also used to form nitrided layers having a similar film thick-
ness. Upper parts of the photoelectric conversion layers 4 are
not oxidized because the upper parts are covered with the
back-surface electrode layers 5. Accordingly, sidewalls of the
photoelectric conversion layers 4 that are not covered with the
back-surface electrode layers 5 are covered with the oxide
layers 7 having high electrical insulation properties. When an
etching gas is introduced into a plasma generating device to
remove a residue present on sidewalls before an oxygen
plasma process described above is performed, the oxidation
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process is more ensured, and this is desirable. Further, a
leakage portion can be disconnected by applying a bias volt-
age to each cell before the oxidation process.

The oxide layers 7 have an electric resistance value that is
larger than an electric resistance value of i-type hydrogenated
microcrystalline silicon (uc-Si:H) layers as second conduc-
tive semiconductor layers in the photoelectric conversion lay-
ers 4. When the photoelectric conversion layers 4 have a
tandem structure, the oxide layers 7 have an electric resis-
tance value that is larger than a maximum electric resistance
value among electric resistance values of i-type amorphous
semiconductor layers as second conductive semiconductor
layers included in the photoelectric conversion layers 4.

For the oxidation process, the oxide layers 7 can be formed
by supplying a gas that contains ozone, particularly high
concentration ozone, to the sidewalls of the photoelectric
conversion layers 4 and by oxidizing the sidewalls of the
photoelectric conversion layers 4, instead of using the oxygen
plasma. For example, the oxide layers 7 can be formed by
exposing the whole of the module 10 to a high-concentration
ozone atmosphere. The oxide layers 7 can be formed at a
relatively lower temperature than that when a normal thermal
oxidation is performed, by forming the oxide layers 7 by a
method for exposing the module 10 to the oxygen plasma or
by a method for exposing the module 10 to a high-concentra-
tion ozone atmosphere. With this arrangement, the oxide
layers 7 can be formed by suppressing negative influences to
the photoelectric conversion layers 4 at the time of forming
the oxide layers 7, for example, by suppressing heat influ-
ences on crystallization of the photoelectric conversion layers
4. The oxide layers 7 can be formed without using hazardous
substances and the like.

By the above process, the module 10 according to the first
embodiment that has the cells 1 as shownin FIGS.1-1and 1-2
can be completed.

As described above, according to the method for manufac-
turing a thin-film solar cell according to the first embodiment,
the whole of the module 10 is exposed to oxygen plasma after
the third trenches (isolation trenches) D3 are formed by laser
processing. Alternatively, by exposing the whole of the mod-
ule 10 to a high-concentration ozone atmosphere, the oxide
layers 7 can be formed on the sidewalls of the third trenches
(isolation trenches) D3 of the photoelectric conversion layers
4, and insulating regions can be formed on the sidewalls of the
third trenches (isolation trenches) D3 of the photoelectric
conversion layers 4. With this arrangement, the oxide layers 7
can be formed at a relatively lower temperature than that
when a normal thermal oxidation is performed, and the oxide
layers 7 can be easily formed and in high productivity by
suppressing negative influences (heat influences) to the pho-
toelectric conversion layers 4 at the time of forming the oxide
layers 7. Therefore, according to the method for manufactur-
ing a thin-film solar cell according to the first embodiment, a
high-quality thin-film solar cell that can obtain high photo-
electric conversion efficiency by preventing degradation of
photoelectric conversion efficiency attributable to a side leak-
age on the sidewall surfaces of the third trenches (isolation
trenches) D3 can be efficiently manufactured. Because the
thin-film solar cell that has improved power generation effi-
ciency is obtained, the thin-film solar cell can be made com-
pact to obtain the same power-generation amount as that
obtained conventionally.

The leakage current can be also reduced by forming oxide
layers on the sidewalls of the photoelectric conversion layers
of cells positioned at disconnection positions, by performing
a similar oxidation process after the process of removing a
part of cells at an external periphery of the module. According



US 8,507,310 B2

11

to a thin-film solar cell module, a part of cells at the external
periphery of the module is disconnected and removed, to
maintain insulation from outside. Because sidewalls of cells
that are left out become low-resistance layers, the sidewalls
are preferably oxidized in a similar manner to that applied to
the third trenches (isolation trenches) D3. Specifically, a part
of cells at an outermost periphery is removed by sandblasting
or by laser processing. Thereafter, the cells are exposed to
oxygen plasma or an ozone atmosphere. As a result, oxide
layers are formed on sidewalls of photoelectric conversion
layers positioned at the outermost periphery, and a side leak-
age can be suppressed.

Further, according to the method for manufacturing a thin-
film solar cell according to the first embodiment, this method
can be directly applied to a conventional device structure
because a device structure is not required to be complex.

Although the module 10 of a single-cell thin-film solar cell
is explained above, application of the present invention is not
limited thereto. The present invention can be similarly
applied to a tandem thin-film solar cell that uses amorphous
silicon or microcrystalline silicon in semiconductor layers of
the photoelectric conversion layers 4, so long as a solar cell is
a thin-film solar cell.

Second Embodiment

FIG. 3 is an explanatory diagram of a cross-sectional struc-
ture of cells 21 that constitute a thin-film solar cell module 20
according to a second embodiment of the present invention in
a short direction, and is a cross-sectional view of relevant
parts along the line A-A' in FIG. 1-1. In FIG. 3, members of
the thin-film solar cell module 20 identical to those of the
module 10 according to the first embodiment are denoted by
like reference letters or numerals and detailed explanations
thereof will be omitted.

As shown in FIGS. 1-1 and 3, the module 20 according to
the second embodiment includes plural reed-shaped (rectan-
gular) cells 21 formed on the translucent insulating substrate
2, and has a structure that these cells 21 are electrically
connected in series. As shown in FIG. 3, each of the cells 21
has a structure that has sequentially laminated the translucent
insulating substrate 2, the transparent electrode layer 3 that
becomes a first electrode layer and is formed on the translu-
cent insulating substrate 2, the photoelectric conversion layer
4 as a thin-film semiconductor layer formed on the transpar-
ent electrode layer 3, and the back-surface electrode layer 5
that becomes a second electrode layer and is formed on the
photoelectric conversion layer 4. As shown in FIG. 3, the
undercoating layer 6 of silicon oxide (hereinafter, simply
“Si0,”) is provided as an impurity inhibition layer on the
translucent insulating substrate 2.

The transparent electrode layers 3 formed on the translu-
cent insulating substrate 2 are formed with the stripe first
trenches D1 that are extended in a direction substantially
parallel to the short direction of the translucent insulating
substrate 2 and reach the translucent insulating substrate 2.
The photoelectric conversion layers 4 are embedded into
portions of the first trenches D1. Accordingly, the transparent
electrode layers 3 are formed in isolation between cells such
that the transparent electrode layers 3 stride over adjacent
cells 21.

Further, the photoelectric conversion layers 4 formed on
the transparent electrode layers 3 are formed with the stripe
second trenches (connection trenches) D2 that are extended
in a direction substantially parallel to the short direction of the
translucent insulating substrate 2 and reach the transparent
electrode layers 3, at positions different from positions of the

20

25

30

35

40

45

50

55

60

65

12

first trenches D1. The back-surface electrode layers 5 are
embedded into portions of the second trenches (connection
trenches) D2. As a result, the back-surface electrode layers 5
are connected to the transparent electrode layers 3. Because
the transparent electrode layers 3 stride over adjacent cells 21,
the back-surface electrode layer 5 of one of adjacent two cells
is electrically connected to the other transparent electrode
layer 3.

Furthermore, on the back-surface electrode layers 5 and the
photoelectric conversion layers 4, the stripe third trenches D3
that reach the transparent electrode layers 3 are formed at
positions different from the positions of the first trenches D1
and the second trenches (connection trenches) D2, thereby
isolating the cells 21. In this manner, the transparent electrode
layers 3 of the cells 21 are connected to the back-surface
electrode layers 5 of the adjacent cells 21, thereby electrically
connecting the adjacent cells 21 in series.

Oxide layers 27 having high insulation properties are
formed as insulating regions on the sidewall surfaces of the
photoelectric conversion layers 4. The oxide layers 27 have an
electric resistance that is a value larger than an electric resis-
tance value of i-type hydrogenated microcrystalline silicon
(ue-Si:H) layers as second conductive semiconductor layers.
When the photoelectric conversion layers 4 have a tandem
structure, the oxide layers 27 have an electric resistance value
that is larger than a maximum electric resistance value among
electric resistance values of i-type amorphous semiconductor
layers as second conductive semiconductor layers that are
included in the photoelectric conversion layers 4.

These oxide layers 27 are oxide layers of which a resistance
is made high by oxidizing low-resistance layers formed by
adhesion to the sidewall surfaces of the photoelectric conver-
sion layers 4, of a residue that is generated by the process of
the photoelectric conversion layers 4 when forming the third
trenches (isolation trenches) D3 by laser processing and sili-
con films of the photoelectric conversion layers 4 that are
molten and crystallized by laser beams to have a low resis-
tance. More specifically, the oxide layers 27 are the oxide
layers that are caused to have a high resistance by oxidizing
low-resistance layers formed due to adhesion to the sidewall
surfaces of the photoelectric conversion layers 4 of a residue
of p-type hydrogenated microcrystalline silicon (uc-Si:H)
layers as low-resistance layers and i-type hydrogenated amor-
phous silicon (a-Si:H) layers that are molten and crystallized
to have a low resistance by laser beams. When intermediate
layers as low-resistance layers made of transparent conduc-
tive films are formed between two-stage PIN junctions, side-
wall surfaces of these intermediate layers are also oxidized to
provide high-resistance oxide layers.

When low-resistance layers are formed on sidewall sur-
faces of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4 and also when the low-
resistance layers are in contact with the back-surface elec-
trode layers 5, a current leakage (side leakage) from the
transparent electrode layer 3 of one cell 21 to the back-surface
electrode layer 5 of this cell occurs, and this becomes a cause
of degradation of photoelectric conversion efficiency. How-
ever, according to this module 20, because the oxide layers 27
having high insulation properties are formed on the sidewall
surfaces of the photoelectric conversion layers 4, a side leak-
age current does not flow, and thus degradation of photoelec-
tric conversion efficiency can be prevented.

According to the module 20 of the second embodiment
configured as described above, because the module 20
includes the oxide layers 27 on the sidewall surfaces of the
third trenches (isolation trenches) D3 of the photoelectric
conversion layers 4, a current leakage (side leakage) from the
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transparent electrode layer 3 of one cell 21 to the back-surface
electrode layer 5 of'this cell 21 can be prevented, and no side
leakage current flows from the transparent electrode layer 3 of
one cell 21 to the back-surface electrode layer 5 of this cell 21.
Therefore, according to the module 20 of the second embodi-
ment, degradation of photoelectric conversion efficiency
attributable to a side leakage on the sidewall surfaces of the
third trenches (isolation trenches) D3 can be prevented, and a
high-quality thin-film solar cell that can obtain high photo-
electric conversion efficiency is achieved.

A method for manufacturing the module 20 according to
the second embodiment configured as described above is
explained next. FIGS. 4-1 and 4-2 are cross-sectional views
for explaining an example of a manufacturing process of the
module 20 according to the second embodiment, and these
cross-sectional views correspond to FIG. 3.

First, the undercoating layers 6, the transparent electrode
layers 3, the photoelectric conversion layers 4, and the back-
surface electrode layers 5 are formed on the translucent insu-
lating substrate 2 in the same process as that shown in FIGS.
2-1 to 2-7 in the first embodiment (FIG. 4-1).

Next, an oxidation process (a process of setting a high-
resistance state) for oxidizing sidewalls of the photoelectric
conversion layers 4 is performed after the third trenches (iso-
lation trenches) D3 are formed by laser processing. In the
present embodiment, the oxidation process (the process of
setting a high-resistance state) is performed to form the oxide
layers 27 by oxidizing the sidewalls of the photoelectric con-
version layers 4 by irradiating oxygen ion beams 28 on the
whole of the module 20 (FIG. 4-2). In this case, the oxygen
ion beams 28 are also irradiated on sidewalls substantially
parallel to a longitudinal direction of the translucent insulat-
ing substrate 2 (sidewalls in a direction of the line B-B' in FIG.
1-1) among the sidewalls of the photoelectric conversion
layers 4, thereby also oxidizing the sidewalls and forming the
oxide layers 27. The oxide layers 27 preferably have a film
thickness of at least 10 nanometers or more to maintain suf-
ficient insulation properties. According to the present
embodiment, ion beams having high reactivity are used.
Therefore, thick oxide layers can be easily formed. Upper
parts of the photoelectric conversion layers 4 are not oxidized
because the upper parts are covered with the back-surface
electrode layers 5. Accordingly, sidewalls of the photoelectric
conversion layers 4 that are not covered with the back-surface
electrode layers 5 are covered with the oxide layers 27 having
high electrical insulation properties. Further, a leakage por-
tion can be disconnected by applying a bias voltage to each
cell before the oxidation process.

The oxide layers 27 have an electric resistance value that is
larger than an electric resistance value of i-type hydrogenated
microcrystalline silicon (uc-Si:H) layers as second conduc-
tive semiconductor layers in the photoelectric conversion lay-
ers 4. When the photoelectric conversion layers 4 have a
tandem structure, the oxide layers 27 have an electric resis-
tance value that is larger than a maximum electric resistance
value among electric resistance values of i-type amorphous
semiconductor layers as second conductive semiconductor
layers included in the photoelectric conversion layers 4.

FIG. 5 is a schematic diagram for explaining a method for
irradiating the oxygen ion beams 28 on the module 20 in a
method for forming the oxide layers 27 according to the
second embodiment. When the oxygen ion beams 28 are
irradiated on the module 20, preferably, the oxygen ion beams
28 are irradiated on a formation surface 22 of the cells 21 in
the module 20, that is, from a direction with an inclination by
a predetermined angle (oblique direction) to an in-plane
direction of the translucent insulating substrate 2, as shown in
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FIG. 5. Because the oxygen ion beams 28 have directivity, the
oxygen ion beams 28 can be irradiated in high density on the
sidewalls of the photoelectric conversion layers 4 by irradi-
ating the oxygen ion beams 28 on the formation surface 22 of
the cells 21 from the direction with an inclination by the
predetermined angle, and thus the oxidation process can be
efficiently performed.

By forming the oxide layers 27 by irradiating the oxygen
ion beams 28 as described above, the oxide layers 27 can be
formed at a relatively lower temperature than that when a
normal thermal oxidation is performed. With this arrange-
ment, the oxide layers 27 can be formed by suppressing
negative influences to the photoelectric conversion layers 4 at
the time of forming the oxide layers 27, for example, by
suppressing heat influences on crystallization of the photo-
electric conversion layers 4.

By the above process, the module 20 according to the
second embodiment that has the cells 21 as shown in FIGS.
1-1 and 3 can be completed.

As described above, according to the method for manufac-
turing a thin-film solar cell according to the second embodi-
ment, after the third trenches (isolation trenches) D3 are
formed by laser processing, the oxygen ion beams 28 are
irradiated on the whole of the module 20, thereby forming the
oxide layers 27 on the sidewalls of the third trenches (isola-
tion trenches) D3 of the photoelectric conversion layers 4 and
forming insulating regions on the sidewalls of the third
trenches (isolation trenches) D3 of the photoelectric conver-
sion layers 4. With this arrangement, the oxide layers 27 can
be formed at a relatively lower temperature than that when a
normal thermal oxidation is performed, and the oxide layers
27 can be easily formed and in high productivity by suppress-
ing negative influences (heat influences) to the photoelectric
conversion layers 4 at the time of forming the oxide layers 27.
Therefore, according to the method for manufacturing a thin-
film solar cell according to the second embodiment, a high-
quality thin-film solar cell that can obtain high photoelectric
conversion efficiency by preventing degradation of photo-
electric conversion efficiency attributable to a side leakage on
the sidewall surfaces of the third trenches (isolation trenches)
D3 can be efficiently manufactured.

The leakage current can be also reduced by forming oxide
layers on the sidewalls of the photoelectric conversion layers
of cells that are positioned at disconnection positions, by
performing a similar oxidation process after the process of
removing a part of cells at an external periphery of the mod-
ule. According to a thin-film solar cell module, a part of cells
at the external periphery of the module is disconnected and
removed, to maintain insulation from outside. Because side-
walls of cells that are left out become low-resistance layers,
the sidewalls are preferably oxidized in a similar manner to
that applied to the third trenches (isolation trenches) D3.
Specifically, a part of cells at an outermost periphery is
removed by sandblasting or by laser processing. Thereafter,
the cells are exposed to oxygen plasma or an ozone atmo-
sphere. As a result, oxide layers are formed on sidewalls of
photoelectric conversion layers positioned at the outermost
periphery, and a side leakage can be suppressed.

Further, according to the method for manufacturing a thin-
film solar cell according to the second embodiment, this
method can be directly applied to a conventional device struc-
ture because a device structure is not required to be complex.

Although the module 20 of a single-cell thin-film solar cell
is explained above, application of the present invention is not
limited thereto. The present invention can be similarly
applied to a tandem thin-film solar cell that uses amorphous
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silicon or microcrystalline silicon in semiconductor layers of
the photoelectric conversion layers 4, so long as a solar cell is
a thin-film solar cell.

Third Embodiment

FIG. 6 is an explanatory diagram of a cross-sectional struc-
ture of cells 31 that constitute a thin-film solar cell module 30
according to a third embodiment of the present invention in a
short direction, and is a cross-sectional view of relevant parts
along the line A-A' in FIG. 1-1. In FIG. 6, members of the
thin-film solar cell module 30 identical to those of the module
10 according to the first embodiment are denoted by like
reference letters or numerals and detailed explanations
thereof will be omitted.

As shown in FIGS. 1-1 and 6, the module 30 according to
the third embodiment includes plural reed-shaped (rectangu-
lar) cells 31 formed on the translucent insulating substrate 2,
and has a structure that these cells 31 are electrically con-
nected in series. As shown in FIG. 6, each of the cells 31 has
a structure that has sequentially laminated the translucent
insulating substrate 2, the transparent electrode layer 3 that
becomes a first electrode layer and is formed on the translu-
cent insulating substrate 2, the photoelectric conversion layer
4 as a thin-film semiconductor layer formed on the transpar-
ent electrode layer 3, and the back-surface electrode layer 5
that becomes a second electrode layer and is formed on the
photoelectric conversion layer 4. As shown in FIG. 6, the
undercoating layer 6 of silicon oxide (hereinafter, simply
“S810,”) is provided as an impurity inhibition layer on the
translucent insulating substrate 2.

The transparent electrode layers 3 formed on the translu-
cent insulating substrate 2 are formed with the stripe first
trenches D1 that are extended in a direction substantially
parallel to the short direction of the translucent insulating
substrate 2 and reach the translucent insulating substrate 2.
The photoelectric conversion layers 4 are embedded into
portions of the first trenches D1. Accordingly, the transparent
electrode layers 3 are formed in isolation between cells such
that the transparent electrode layers 3 stride over adjacent
cells 31.

Further, the photoelectric conversion layers 4 formed on
the transparent electrode layers 3 are formed with the stripe
second trenches (connection trenches) D2 that are extended
in a direction substantially parallel to the short direction of the
translucent insulating substrate 2 and reach the transparent
electrode layers 3, at positions different from positions of the
first trenches D1. The back-surface electrode layers 5 are
embedded into portions of the second trenches (connection
trenches) D2. As a result, the back-surface electrode layers 5
are connected to the transparent electrode layers 3. Because
the transparent electrode layers 3 stride over adjacent cells 31,
the back-surface electrode layer 5 of one of adjacent two cells
is electrically connected to the other transparent electrode
layer 3.

Furthermore, on the back-surface electrode layers 5 and the
photoelectric conversion layers 4, the stripe third trenches D3
that reach the transparent electrode layers 3 are formed at
positions different from the positions of the first trenches D1
and the second trenches (connection trenches) D2, thereby
isolating the cells 31. In this manner, the transparent electrode
layers 3 of the cells 31 are connected to the back-surface
electrode layers 5 of the adjacent cells 31, thereby electrically
connecting the adjacent cells 31 in series.

Oxide layers 37 having high insulation properties are
formed as insulating regions on the sidewall surfaces of the
photoelectric conversion layers 4. The oxide layers 37 have an
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electric resistance value that is larger than an electric resis-
tance value of i-type hydrogenated microcrystalline silicon
(ue-Si:H) layers as second conductive semiconductor layers.
When the photoelectric conversion layers 4 have a tandem
structure, the oxide layers 37 have an electric resistance value
that is larger than a maximum electric resistance value among
electric resistance values of i-type amorphous semiconductor
layers as second conductive semiconductor layers included in
the photoelectric conversion layers 4.

These oxide layers 37 are oxide layers of which a resistance
is made high by oxidizing low-resistance layers formed by
adhesion to the sidewall surfaces of the photoelectric conver-
sion layers 4, of a residue that is generated by the process of
the photoelectric conversion layers 4 when forming the third
trenches (isolation trenches) D3 by laser processing and sili-
con films of the photoelectric conversion layers 4 that are
molten and crystallized by laser beams to have a low resis-
tance. More specifically, the oxide layers 37 are the oxide
layers that are caused to have a high resistance by oxidizing
low-resistance layers formed due to adhesion to the sidewall
surfaces of the photoelectric conversion layers 4 of a residue
of p-type hydrogenated microcrystalline silicon (uc-Si:H)
layers as low-resistance layers and i-type hydrogenated amor-
phous silicon (a-Si:H) layers that are molten and crystallized
to have a low resistance by laser beams. When intermediate
layers as low-resistance layers made of transparent conduc-
tive films are formed between two-stage PIN junctions, side-
wall surfaces of these intermediate layers are also oxidized to
provide high-resistance oxide layers.

When low-resistance layers are formed on sidewall sur-
faces of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4 and also when the low-
resistance layers are in contact with the back-surface elec-
trode layers 5, a current leakage (side leakage) from the
transparent electrode layer 3 of one cell 31 to the back-surface
electrode layer 5 of this cell occurs, and this becomes a cause
of degradation of photoelectric conversion efficiency. How-
ever, according to this module 30, because the oxide layers 37
having high insulation properties are formed on the sidewall
surfaces of the photoelectric conversion layers 4, a side leak-
age current does not flow, and thus degradation of photoelec-
tric conversion efficiency can be prevented.

According to the module 30 of the third embodiment con-
figured as described above, because the module 30 includes
the oxide layers 37 on the sidewall surfaces of the third
trenches (isolation trenches) D3 of the photoelectric conver-
sion layers 4, a current leakage (side leakage) from the trans-
parent electrode layer 3 of one cell 31 to the back-surface
electrode layer 5 of this cell 31 can be prevented, and no side
leakage current flows from the transparent electrode layer 3 of
one cell 31 to the back-surface electrode layer 5 of this cell 31.
Therefore, according to the module 30 of the third embodi-
ment, degradation of photoelectric conversion efficiency
attributable to a side leakage on the sidewall surfaces of the
third trenches (isolation trenches) D3 can be prevented, and a
high-quality thin-film solar cell that can obtain high photo-
electric conversion efficiency is achieved.

A method for manufacturing the module 30 according to
the third embodiment configured as described above is
explained next. FIGS. 7-1 and 7-2 are cross-sectional views
for explaining an example of a manufacturing process of the
module 30 according to the third embodiment, and these
cross-sectional views correspond to FIG. 6.

First, the undercoating layers 6, the transparent electrode
layers 3, the photoelectric conversion layers 4, and the back-
surface electrode layers 5 are formed on the translucent insu-



US 8,507,310 B2

17
lating substrate 2 in the same process as that shown in FIGS.
2-1 to 2-7 in the first embodiment (FIG. 7-1).

Next, an oxidation process (a process of setting a high-
resistance state) for oxidizing sidewalls of the photoelectric
conversion layers 4 is performed after the third trenches (iso-
lation trenches) D3 are formed by laser processing. In the
present embodiment, a process of irradiating ultraviolet rays
is performed before the oxidation process (the process of
setting a high-resistance state). A residue at a process time is
removed by irradiating ultraviolet rays on the whole of the
module 30, and thereafter the sidewalls of the photoelectric
conversion layers 4 are oxidized by a plasma process or ozone
irradiation, thereby forming the oxide layers 37 (FIG. 7-2).
Because the photoelectric conversion layers 4 become at a
high temperature at the time of laser processing, an impurity
present in a processing atmosphere is adhered on a processing
surface. As a result, this hinders the oxidation process.
Accordingly, it is desirable to remove the residue such as an
impurity before the oxidation process. To maintain sufficient
insulation properties, the oxide layers 37 preferably have a
film thickness of at least 10 nanometers or more. In the
present embodiment, sidewall surfaces become reaction-ac-
tive by the irradiation of ultraviolet rays, and therefore thick
oxide layers can be easily formed. Instead of oxygen plasma,
nitrogen plasma can be also used to form nitrided layers
having a similar film thickness. In this case, ultraviolet rays
are also irradiated on sidewalls substantially parallel to a
longitudinal direction of the translucent insulating substrate 2
(sidewalls in a direction of the line B-B' in FIG. 1-1) among
the sidewalls of the photoelectric conversion layers 4, thereby
also oxidizing the sidewalls and forming the oxide layers 37.
Upper parts of the photoelectric conversion layers 4 are not
oxidized because the upper parts are covered with the back-
surface electrode layers 5. Accordingly, sidewalls of the pho-
toelectric conversion layers 4 that are not covered with the
back-surface electrode layers 5 are covered with the oxide
layers 37 having high electrical insulation properties. Further,
a leakage portion can be disconnected by applying a bias
voltage to each cell before the oxidation process.

The oxide layers 37 have an electric resistance value that is
larger than an electric resistance value of i-type hydrogenated
microcrystalline silicon (uc-Si:H) layers as second conduc-
tive semiconductor layers in the photoelectric conversion lay-
ers 4. When the photoelectric conversion layers 4 have a
tandem structure, the oxide layers 37 have an electric resis-
tance value that is larger than a maximum electric resistance
value among electric resistance values of i-type amorphous
semiconductor layers as second conductive semiconductor
layers included in the photoelectric conversion layers 4.

After the irradiation of ultraviolet rays, the oxide layers 37
are formed by exposing the module to oxygen plasma or a
high-concentration ozone atmosphere. Accordingly, the
oxide layers 37 having a sufficient film thickness can be
formed at a relatively lower temperature than that when a
normal thermal oxidation is performed. Consequently, the
oxide layers 37 can be formed by suppressing negative influ-
ences to the photoelectric conversion layers 4 at the time of
forming the oxide layers 37, for example, by suppressing heat
influences such as crystallization of the photoelectric conver-
sion layers 4.

By the above process, the module 30 according to the third
embodiment that has the cells 31 as shown in FIGS. 1-1 and
6 can be completed.

As described above, according to the method for manufac-
turing a thin-film solar cell according to the third embodi-
ment, after the third trenches (isolation trenches) D3 are
formed by laser processing, ultraviolet rays are irradiated on
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the whole of the module 30, and thereafter the module 30 is
exposed to oxygen plasma or a high-concentration ozone
atmosphere, thereby forming the oxide layers 37 on the side-
walls of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4 and forming insulating
regions on the sidewalls of the third trenches (isolation
trenches) D3 of the photoelectric conversion layers 4. With
this arrangement, the oxide layers 37 can be formed at a
relatively lower temperature than that when a normal thermal
oxidation is performed, and the oxide layers 37 can be easily
formed and in high productivity by suppressing negative
influences (heat influences) to the photoelectric conversion
layers 4 at the time of forming the oxide layers 37. Therefore,
according to the method for manufacturing a thin-film solar
cell according to the third embodiment, a high-quality thin-
film solar cell that can obtain high photoelectric conversion
efficiency by preventing degradation of photoelectric conver-
sion efficiency attributable to a side leakage on the sidewall
surfaces of the third trenches (isolation trenches) D3 can be
efficiently manufactured.

The leakage current can be also reduced by forming oxide
layers on the sidewalls of the photoelectric conversion layers
of cells positioned at disconnection positions, by performing
an oxidation process similar to a method described in any of
the embodiments described above after the process of remov-
ing a part of cells at an external periphery of the module.
According to a thin-film solar cell module, a part of cells at the
external periphery of the module is disconnected and
removed, to maintain insulation from outside. Because side-
walls of cells that are left out become low-resistance layers,
the sidewalls are preferably oxidized in a similar manner to
that applied to the third trenches (isolation trenches) D3.
Specifically, a part of cells at an outermost periphery is
removed by sandblasting or by laser processing. Thereafter,
the cells are irradiated with ultraviolet rays, and are exposed
to oxygen plasma or an ozone atmosphere. As a result, a
residue on the sidewalls of the photoelectric conversion layers
positioned at the outermost periphery is removed, and a side
leakage can be suppressed. The process of the oxidation pro-
cess of isolation trenches can be performed after the sidewalls
are formed at an external periphery by removing a part of cells
at the external periphery. The process becomes simple when
the isolation trenches and the sidewalls at the external periph-
ery are oxidized after the sidewalls at the external periphery
are formed.

Further, according to the method for manufacturing a thin-
film solar cell according to the third embodiment, this method
can be directly applied to a conventional device structure
because a device structure is not required to be complex.

Although the module 30 of a single-cell thin-film solar cell
is explained above, application of the present invention is not
limited thereto. The present invention can be similarly
applied to a tandem thin-film solar cell that uses amorphous
silicon or microcrystalline silicon in semiconductor layers of
the photoelectric conversion layers 4, so long as a solar cell is
a thin-film solar cell.

Furthermore, the irradiation process of ultraviolet rays
described above can be also applied to a case described in the
second embodiment that after the third trenches (isolation
trenches) D3 are formed by laser processing, the oxygen ion
beams 28 are irradiated on the whole of the module 20,
thereby forming the oxide layers 27 on the sidewalls of the
third trenches (isolation trenches) D3 of the photoelectric
conversion layers 4 and forming insulating regions on the
sidewalls of the third trenches (isolation trenches) D3 of the
photoelectric conversion layers 4. That is, ultraviolet rays are
irradiated on the whole of the module after the third trenches
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(isolation trenches) D3 are formed, and thereafter oxygen ion
beams are irradiated on the whole of the module, thereby
forming the oxide layers 27 on the sidewalls of the third
trenches (isolation trenches) D3 of the photoelectric conver-
sion layers 4 and forming insulating regions on the sidewalls
of'the third trenches (isolation trenches) D3 of the photoelec-
tric conversion layers 4. Also in this case, the effects
described above can be obtained.

INDUSTRIAL APPLICABILITY

As described above, the method for manufacturing a thin-
film photoelectric conversion device according to the present
invention is useful for manufacturing a thin-film photoelec-
tric conversion device in which a side leakage on sidewall
surfaces of isolation trenches is prevented and capable of
having improved photoelectric conversion efficiency.

REFERENCE SIGNS LIST

1 THIN-FILM SOLAR BATTERY CELL (CELL)

2 TRANSLUCENT INSULATING SUBSTRATE
(GLASS SUBTRUCTURE)

3 TRANSPARENT ELECTRODE LAYER

32 IRREGULARITY

4 PHOTOELECTRIC CONVERSION LAYER

5 BACK-SURFACE ELECTRODE LAYER

S5a TRANSPARENT-CONDUCTIVE METAL-COM-
POUND LAYER

56 METAL LAYER

6 UNDERCOATING LAYER

7 OXIDE LAYER

10 THIN-FILM SOLAR CELL MODULE (MODULE)

11 TRANSPARENT CONDUCTIVE FILM

20 THIN-FILM SOLAR CELL MODULE (MODULE)

21 THIN-FILM SOLAR BATTERY CELL (CELL)

22 FORMATION SUFACE OF CELLS

27 OXIDE LAYER

28 OXYGEN ION BEAM

30 THIN-FILM SOLAR CELL MODULE (MODULE)

31 THIN-FILM SOLAR BATTERY CELL (CELL)

37 OXIDE LAYER

D1 FIRST TRENCH

D2 SECOND TRENCH (CONNECTION TRENCH)

D3 THIRD TRENCH (ISOLATION TRENCH)

The invention claimed is:

1. A method for manufacturing a thin-film photoelectric

conversion device, the method comprising:

afirst step of forming a first electrode layer, a photoelectric
conversion layer having a first conductive semiconduc-
tor layer, a second conductive semiconductor layer, and
a third conductive semiconductor layer sequentially
laminated thereon, and a second electrode layer sequen-
tially laminated in this order on a translucent insulating
substrate, such that adjacent thin-film photoelectric con-
version cells are electrically connected in series;

a second step of isolating a thin-film photoelectric conver-
sion cell into a plurality of thin-film photoelectric con-
version cells by forming isolation trenches that reach
from a surface of the second electrode layer to the first
electrode layer;

after the second step, a third step of removing a part of
sidewalls at an external periphery of the thin-film pho-
toelectric conversion cells positioned at an external
peripheral edge of the thin-film photoelectric conversion
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device, along with an external periphery of the thin-film
photoelectric conversion device, and maintaining isola-
tion from the outside; and

a fourth step of moditying into insulation layers by per-

forming an oxidation process on all of the sidewalls of
the isolation trenches of the photoelectric conversion
layer and all of the sidewalls at the external periphery
after the third step.

2. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the third step
includes removing a part of the thin-film photoelectric con-
version cells by sandblasting.

3. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the oxida-
tion process is performed by supplying oxygen plasma.

4. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the oxida-
tion process is performed by supplying a gas that contains
ozone.

5. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the oxida-
tion process is performed by irradiating oxygen ion beams.

6. The method for manufacturing a thin-film photoelectric
conversion device according to claim 5, wherein the oxygen
ion beams are irradiated on an in-plane direction of the trans-
lucent insulating substrate from an oblique direction.

7. The method for manufacturing a thin-film photoelectric
conversion device according to claim 3, wherein a process of
irradiating ultraviolet rays is performed before the oxidation
process.

8. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the photo-
electric conversion layer is a unit photoelectric-conversion
layer having the first conductive semiconductor layer, the
second conductive semiconductor layer, and the third con-
ductive semiconductor layer laminated thereon.

9. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the photo-
electric conversion layer has a tandem structure that is formed
by laminating, either directly or via intermediate layers that
are made of transparent conductive films, a plurality of a unit
photoelectric-conversion layer having the first conductive
semiconductor layer, the second conductive semiconductor
layer, and the third conductive semiconductor layer laminated
thereon.

10. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein the photo-
electric conversion layer is a silicon layer, and the insulation
layer is a silicon-oxide film layer.

11. The method for manufacturing a thin-film photoelectric
conversion device according to claim 4, wherein a process of
irradiating ultraviolet rays is performed before the oxidation
process.

12. The method for manufacturing a thin-film photoelectric
conversion device according to claim 5, wherein a process of
irradiating ultraviolet rays is performed before the oxidation
process.

13. The method for manufacturing a thin-film photoelectric
conversion device according to claim 1, wherein

in the third step, sidewalls at an external periphery of the

thin-film photoelectric conversion cells in a extending
direction of the isolation trenches are included in the part
removed, and

in the fourth step, an entire periphery of the sidewalls of the

photoelectric conversion layer of the thin-film photo-
electric conversion cells are modified into the insulation
layers.



